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Abstract 
Strain-induced, self-assembled iron silicide nanostructures were grown on Si(001) substrate by reactive deposition 
epitaxy. The phases and structures were characterized by scanning- and transmission electron microscopy, atomic 
force microscopy, and by Fourier transform infrared spectroscopy. The electrical characteristics were investigated 
by I-V and C-V measurements and the point defects were measured by DLTS. The size and shape of the nanoislands 
depended on the initial Fe thickness and on the annealing. Coexistence of different iron silicide phases was detected. 
Electrical characteristics show large defect concentration related to Fe. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Future generation thin film solar cells have to use abundantly available, non toxic and environmentally friendly 
chemical elements. Semiconducting β-FeSi2 is a possible material, which has 23% theoretical efficiency in solar 
cells, and both its layer and nanoparticle forms have potential applications in photovoltaic technology [1]. Recently, 
Terasawa and coworkers proposed a composite β-FeSi2/Si film for photovoltaic use, where photocarriers generated 
in the iron silicide particles, which has high photoabsorption coefficient, and photocarrier transport takes place in 
silicon. This material may result a superior solar cell due to its high photoabsorption coefficient and high carrier 
mobility [2].  
β-FeSi2 is an indirect semiconductor, but in some epitaxial configurations on silicon substrate it has a direct band 
gap due to strain effects [3, 4]. The following phases of the Fe-Si equilibrium phase diagram have found in thin film 
reactions, mainly on Si(111) substrates: The most Fe-rich silicide is Fe3Si (DO3 type), with cubic structure. Two 
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types of iron monosilicides may appear in thin film form. The first phase is ε-FeSi with cubic structure and the 
second monosilicide phase is cesium-chloride type cubic FeSi. The iron disilicides, prepared in thin layers, might 
have three different crystal structures. The high temperature, metastable, tetragonal α-FeSi2 phase may be epitaxially 
stabilized in thin film form on Si substrates. The cubic γ-FeSi2 phase is also a metastable structure. At the end, β-
FeSi2 has orthorhombic structure. All of the above phases, including metastable ones, may be epitaxially stabilized 
on the surface of Si substrates [5].  
Preparation of artificial low dimension structures is one of the most challenging research topics in the solid state 
technology. Heteroepitaxial growth of strained semiconductor structures has attracted great interest recently, owing 
to their scientific curiosity and possible technical importance as quantum dots. Grown dots, through the combination 
of growth kinetics and strain effects show a narrow size distribution. One of the most effective methods of quantum 
dot production is the phenomena of self-assembly, that have been observed besides compound and group IV 
semiconductors in a wide range of material and substrate combinations [6].  
In this case natural laws are used to control the size of the dots. The most widely used technique currently in use 
is the strain induced self-assembled growth of nanoscale quantum dot structures. During heteroepitaxial growth of 
strained layers, the grown film often remains planar up to some “critical thickness” that depends on the lattice 
matching of the film to the substrate, at which point three dimensional (3D) dislocation free islands form [7]. This 
Stransky-Krastanov transition has great practical importance, since many device structures require smooth planar 
layers, while 3D islands hold promise as self-assembled quantum dots and wires. The Stransky-Krastanov type 
growth sometimes occurs during the growth of epitaxial metal silicides.  
The motivation of the recent paper was to find proper methods for the preparation of β-FeSi2 nanostructures. 
Actually, we have demonstrative examples of the existence of β-FeSi2 nanostructures [8], but they have not been 
separated from the other phases of epitaxially stabilized iron silicides. Research on the above fields may contribute 
to gain new knowledge in phase transformations and morphology changes in iron silicides, and for practical side to 
prepare more effective solar cells.  
2. Experimental 
Pieces of (001) oriented Si (p-type, 12-20 Ωcm) wafers were used as substrates. Before loading the samples into 
the oil free evaporation chamber, their surface was refreshed in diluted HF. After evacuation down to 1*10-7 Pa and 
prior to evaporation, Si wafers were annealed in situ for 5 min at 850°C. Iron ingots of 99.9% purity were 
evaporated using an electron gun, at an evaporation rate of 0.01-0.03 nm/s, at a pressure of 3*10-6 Pa. The film 
thickness was measured by vibrating quartz. Most of the iron silicide samples were prepared by reactive deposition 
epitaxy method (RDE), where iron particles were deposited onto heated substrates. After Fe RDE-type evaporation, 
most of the samples were further annealed in situ at the different temperatures for 60-90 minutes in the vacuum 
chamber.  
The samples were the following:  
(1): 3 nm Fe, RDE (500ºC) + 90 min further annealing after deposition at 500ºC,  
(2): 3 nm Fe, RDE (500ºC) + 60 min further annealing after deposition at 850ºC,  
(3): 1 nm Fe, RDE (500ºC) + 60 min further annealing after deposition at 850ºC,  
(4): 0.3 nm Fe evaporation at room temperature and annealing at 500ºC for 15 min. Then 1 nm Fe RDE (500ºC) 
+ 60 min further annealing at 500ºC, 
(5): 6nm Fe, RDE (600ºC) + further annealing at 850ºC for 60 min. 
The phases and structures were characterized by reflection high energy electron diffraction (RHEED), scanning- 
(SEM) and transmission electron microscopy (TEM), atomic force microscopy (AFM), and by Fourier transform 
infrared spectroscopy (FTIR). The electrical characteristics were investigated by I-V and C-V measurements and the 
defects were measured by DLTS. 
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3. Results and Discussion 
In Fig. 1(a) can be seen the RHEED image taken from sample (4) showing the cleaned and annealed Si(001) 
substrate showing 2x1 reconstruction. The so called Kikuchi lines are seen indicating the high purity of the surface. 
The RHEED image of Fig. 1(b) is taken after 0.3 nm iron deposition and 500ºC and 15 minutes annealing. As can be 
seen the 2x1 reconstruction disappeared and vague doubled diffraction lines came to light. After another 1 nm iron 
deposition at 500ºC and 60 minutes annealing, the weak lines disappeared and parallel line system appeared with 
weak spots indicating high quality epitaxy (Fig 1(c)). Similar RHEED images can be found in case of the other 
samples. 
Fig. 1: RHEED images taken during sample (4) preparation. (a) Cleaned and annealed Si(001) substrate. (b) After 0.3 nm 
iron evaporation and 500ºC, 15 minutes annealing. (c) Additional 1 nm iron evaporation and 500ºC, 60 minutes 
annealing.
The AFM scans of samples (1)-(4) are presented in Fig. 2. All of the samples show aggregated iron silicide 
nanoislands. The size and the distribution of the islands depend on the initial Fe thickness and annealing time and 
temperature. The density of islands decreased with the enhanced temperature of annealing as can be seen from 
samples 1 and 2, which are prepared from the same amount of iron, while the size of the nanoobjects increased. 
These phenomena might be a consequence of Ostwald ripening, where the bigger islands grow further at the cost of 
the smaller ones. Comparing the AFM images of samples (2) and (3) one can see that the shape of islands is 
different. Sample (3) was prepared from 1 nm Fe, while sample (2) from 3 nm initial Fe, and the annealing was the 
same. In case of the thinner sample (3) there is no sign of Ostwald ripening, but some elongated nanoobjects 
appeared in more or less rectangular directions adapted to the Si(001) substrate. Sample (4) was prepared by 
combinated process of room temperature Fe deposition with subsequent annealing and of an RDE process. Using the 
room temperature growth of iron silicide the β-FeSi2 phase formed [9] but, above 2 nm Fe thickness in continuous, 
polycrystalline form. The RDE growth results epitaxial nanoobjects with different crystal structures, where α-FeSi2, 
γ-FeSi2 and β-FeSi2 are simultaneously present in the samples [8]. In case of sample (4) β-FeSi2 was prepared by 
conventional method as a template for the subsequent RDE growth of iron silicides. The combined process resulted 
rectangular shaped iron silicide nanodots as can be seen in the AFM image. 
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Fig. 2: AFM images of samples (1) – (4). 
Fig. 3(a): SEM image of sample (2) with 3 nm initial Fe 
thickness. 
Fig. 3(b): SEM image of sample (3) with 1 nm initial Fe 
thickness. 
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Figs. 3(a) and 3(b) show SEM images of samples (2) and (3), respectively. The scanning electron microscopy 
shows in better resolution the thickness dependence of nanoparticle formation than the AFM presented previously. 
In case of the thinner sample with 1 nm initial Fe thickness the nanoobjects are smaller, the overlapping is rarer than 
for the sample made from 3 nm Fe. The nanoislands tend to orientate according to Si(001) substrate that can be seen 
on the elongated objects.  
Fig. 4(a): TEM image of sample (5) with 6 nm initial Fe 
thickness 
Fig. 4(b): Cross sectional TEM image of sample (5) with 6 nm 
initial Fe thickness 
Fig. 5: FTIR transmittance spectra of samples (1) – (5). 
A reference sample (sample (5)) was prepared with 6 nm initial Fe thickness, to study the morphology changes 
with the enhanced iron thickness. In Fig. 4(a) and (b) TEM and cross sectional TEM images of sample (5) are 
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presented, respectively. As it can be seen the size of islands enhanced, and their shape is rather dome like then 
rectangular. The reason of morphology changes might be the coalescence of nanoislands and probably the Ostwald 
ripening. The dots preserved their epitaxial growth character on Si(001) substrate according to the selected area 
electron diffraction measurements. 
Since the amount of the β-FeSi2 phase is small compared to the other iron silicide phases Fourier transform 
infrared spectroscopy was used to detect it (Fig. 5). The absorption peak at 305-310 cm-1 belongs to the β-FeSi2
phase. Sample (5) the thickest layer is the reference. According to the FTIR measurements, during RDE growth of 
iron silicides the transformation to β-FeSi2 phase occurs in very thin samples (sample (3)) at high temperature 
annealing and in case of sample (5), where β-FeSi2 template layer was prepared before the RDE growth.  
(a) (b) 
(c) (d) 
Fig. 6: Current-voltage plot (a) and capacitance–voltage plot (b) characteristics of sample (4) measured at temperatures indicated 
in the plots. The depth profile of the main defect is shown in plot (c). The DLTS frequency scans at different temperatures to 
determine the activation energy are shown in plot (d). DLTS was measured using -5 V reverse bias, 0 V, 5 ms filling pulses. The 
defect energy position is 230 meV above the valence band. 
The electrical characteristics (Fig. 6) in all samples are dominated by Fe-related defects [10] in about 2 μm depth 
below the surface. The apparent doping concentration determined from the C-V characteristics decreases near the 
surface, the deep level defects compensate the doping of the starting wafer. The I-V and C-V characteristics in 
different junction has significant scatter, some of the junctions are dominated by leakage of the junctions in reverse 
bias. We assume it is due to the rough silicides/silicon interface morphology and to very large defect concentration 
in the vicinity of the interface. The defect concentration measured by DLTS is an underestimation of the defect 
concentration since the filling pulses cannot fill defects in the whole depleted layer volume.  
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4. Conclusions 
Iron silicide nanoislands were grown by RDE and combined methods on Si(001) substrate. The size distribution 
and shape of the formed islands depend on the initial amount of iron and on the annealing. The higher temperature 
and longer time annealing greater fraction of iron silicides transforms to β-FeSi2 phase. Unfortunately, the size of 
the dots increases with the annealing as a consequence of the Ostwald ripening and coalescence. To optimize the 
islands size and β-FeSi2 phase content further experiments are needed. In case of successful experiments, iron 
silicide nanostructures may be used perceptively as environmentally friendly semiconductors for more effective 
solar cells. 
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